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Abstract

An examination of the effectiveness of transmission control measures for COVID-19 in a super-
market setting, factoring for the inclusion of Super-Spreaders, must extend beyond the direct
effects the control measure has on transmission in order to account for the indirect effects
changes in human movement dynamics have on the spread of disease. The analysis makes
use of Agent-Based Modelling simulation techniques to model changes in customer movement
and disease transmission dynamics resulting from the isolated and combined implementation of
COVID-19 transmission control measures. The bottom-up approach of agent-based modelling
allows for the inclusion of heterogeneous, individual-level chances of infectiousness, compliance,
and consumer behaviours, allowing for a more realistic representation of real-world behaviours.
The model used for analysis is built entirely in the NetLogo environment, designed to be in-
teractive, adaptable to user-varied inputs, and visually engaging. This allows for the model
to adapt to changes in disease parameters and easily communicate model effects in a manner
accessible to users in and out of the field.

Control measures considered include: Vaccinations, Capacity Limiting, Social Distancing, Staff
COVID-19 Testing, and the use of Sanitizers. Results indicate high levels of effectiveness for
the use of Vaccinations at reducing transmission with minimal impact on customer dynamics.
The results also highlight the negative effects changes in customer dynamics can have on trans-
mission, indicated by increased shop-queue transmissions resulting from the use of Capacity
Limiting or other measures slowing customer entrance to the shop. The positive effects of in-
teractions between control measures are highlighted by the additional implementation of Social
Distancing in reducing these increases.

The implications of these findings involve the need to factor for changes in human movement
dynamics when assessing the effectiveness of transmission control measures implemented in
any environment. The findings further reinforce the benefits of implementing social distancing
practises in conjunction with mechanisms that reduce the flow of movement, as well as the
benefits of increased vaccination coverage in the population. Lastly, the findings provide an
effective comparison of the control measures considered, allowing for the direct assessment of
their implementation and the resulting effects on transmission and customer dynamics.

Keywords: COVID-19, Transmission Control, Agent-Based Model, Super-Spreader, Simulation, Supermarket
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How To Access The Simulation

In order to access the simulation model, supplementary materials, and NetLogo software, use the following links
provided:

1. Download the latest version of the NetLogo software from:
https://ccl.northwestern.edu/netlogo/download.shtml

2. Download the simulation file and additional supplementary materials from:
https://github.com/TimothyM-Git/COVID-19SupermarketInterventions

Please take note to read the information contained in the README file provided in the linked
repository.

For information and instructions on how to use the simulation model, click on the info tab on the top left of
the viewing window. The extent to which the whole interface of the simulation model is visible may depend on
the screen size of the device used. In order to zoom in or out of the model to see the full interface, press 'Ctrl’
and ’-’ to zoom out, 'Ctrl’ and '+’ to zoom in, and ’Ctrl’ and ’0’ to reset to the original viewing size. Please
note changes in text labels in the interface may occur due to "bugs” in the NetLogo software described in the
README file provided.

il


https://ccl.northwestern.edu/netlogo/download.shtml
https://github.com/TimothyM-Git/COVID-19SupermarketInterventions

Foreword

A note to the reader that this paper is encoded with hyper-links connecting all references to Sections, Figures,
Citations, Tables, and Web-Addresses. Feel free to click on the number referenced, for the implement of interest,
to be taken directly to the corresponding position in the paper.
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Chapter 1

Introduction

1.1 Overview

The Outbreak of the novel coronavirus disease (COVID-19; previously 2019-nCoV) had its origins in Wuhan,
China in December 2019 and has subsequently spread to countries all over the world; being declared a Global
Pandemic by the World Health Organisation (WHO) on the 11th of March 2020 with over 118 000 collective
cases in over 110 countries. Although the majority of COVID-19 cases are mild or asymptomatic, there is still a
case fatality rate of around 2% meaning the virus can also be deadly for those who progress to a severe infection
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).[91][51]

The term ”Super-Spreader” is one that has frequently been used in relation to Covid-19 through mainstream
and social media. By its widest definition, it refers to a propensity to infect a larger than average number of
people, this may be in relation to individuals, places, policies or social events. It is a combination of these super-
spreaders and super-spreader events that are postulated to greatly contribute to the rapid spread of the virus;
with an estimated 10% of infected individuals being responsible for roughly 80% of transmission[9]. However,
data indicating this is vastly more qualitative than quantitative, indicating a need for further quantitative
research in the field.

With Super-Spreaders indicated as a driving force in perpetuating the pandemic through substantial trans-
mission, the need to study and understand the transmission dynamics in these environments is essential to
controlling the spread of COVID-19. Investigating the effectiveness of control measures aimed at reducing
COVID-19 transmission, in environments with super-spreader characteristics, provides valuable insight to guide
action and policy in the best way to reduce the spread of COVID-19.

Supermarkets and Grocery Stores are places that provide essential services to the public and as such, they are
environments that have needed to remain operational throughout the COVID-19 pandemic. With the high
volume of people passing through supermarkets on a daily basis, supermarkets are an environment that allow
for a variety of super-spreader elements to occur. As an enclosed space in which many people interact, they
embody the role of a super-spreader place. The staff that interact with large volumes of customers become
super-spreader people, as do the customers that have an above-average number of contacts or that fail to adhere
to transmission control protocols. The combination of these factors makes a supermarket an ideal environment
to evaluate the effectiveness of COVID-19 transmission control measures in the presence of Super-Spreaders.

Although available research indicates estimates of some control measure effectiveness at reducing COVID-19
transmission, many environmental factors have an impact on the extent to which different control measures may
influence transmission reduction. The result is that many of the control measure impacts are described quali-
tatively, with a need for more quantitative research to support these research evaluations. Another important
consideration in measuring control measure effectiveness is the indirect effect that their implementation has on
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transmission, as a result of changes in human behaviour due to adherence to control measure protocols. Often,
these changes in behaviour have a direct effect of person-to-person interactions and, thereby on transmission.

The direct evaluation of the effectiveness of different transmission control measures is theoretically possible,
however, it faces issues of practicality and ethics in real-world implementation. Although large-scale group-
randomized trials, in which whole social groups or communities are allocated to different control measure
groups, would be able to effectively assess and compare different control measures; studies of this nature would
require large study durations and sample sizes to ensure sufficient power to estimate the effects of each control
measure. Additionally, if any control measures are known to be more effective at reducing transmission in a
population, it would be considered to be an ethical violation to enforce a less effective control measure on a
community where more effective control measures are available, especially in cases regarding the life or long-term
health of people involved.[29)

An alternative approach to estimating the effectiveness of different transmission control measures that is able
to overcome these limitations is through the use of simulation-based modelling. Given the individual person-
level differences inherent to super-spreader behaviour, the ”bottom-up” modelling approach of Agent-Based
Modelling is an ideal choice for capturing these interactions without the limitations of real-world trials.

This paper describes the development and use of an Agent-Based Model to investigate the effectiveness of several
different transmission control measures under the influence of Super-Spreaders in a supermarket environment,
in a South African context. The model developed simulates the movement of customers through a supermarket
environment facilitating the direct and environmental transmission of COVID-19 between customers, and su-
permarket staff. Different transmission control measures are then compared and their effectiveness is evaluated
based on changes in transmission dynamics and customer movement dynamics in the environment, with more
effective measures resulting in larger reductions in transmissions with minimal impact on customer movement
dynamics in the supermarket.

1.2 Rationale and Significance

Over he course of the past few years, a variety of measures have been developed and implemented worldwide with
the aim of controlling the transmission of COVID-19. The intention of these transmission control measures is to
maximize a reduction in the number of onward transmissions of COVID-19 in order to control outbreaks of the
disease worldwide and minimize changes in day to day freedoms and behaviours. At present, research regarding
the effectiveness of these control measures in most everyday settings is limited and largely qualitative in nature.
This presents a need for more quantitative measurements of the relative effectiveness of the transmission control
measures in use.

The majority of research available that focuses on the individual levels of effectiveness each control measure has
at reducing transmissions, fails to factor for the impact that the implementation of each respective measure is
likely to have in changing human movement dynamics. Thus, failing to account for the indirect impact that
these changes have on transmissions resulting from changes in contact dynamics.

With the benefits that quality visual aids in research have been shown to provide with respect to comprehending
and understanding risk[23][24]; the presentation of research in this area that is able to provide informative and
engaging visual aid is likely to be invaluable not only in its ability to be understandable to larger, less data-
literate audiences, but also provide an environment through which more individuals will be willing to interact
with the research presented.

With the role that urban supermarkets play as essential services and super-spreader environments throughout
the pandemic, these environments have become areas in which the understanding of transmission dynamics and
potential control measure effectiveness is invaluable. The ability to make well-informed decisions regarding the
effective implementation of measures to reduce COVID-19 transmission in these unavoidable super-spreader
environments has the potential to make a considerable impact in the fight against COVID-19.
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1.3 Research Question

What is the most effective use of available control measures to reduce COVID-19 transmission in a supermarket
environment in South Africa, without impacting the customer shopping experience to a noticeable extent?

1.4 Research Objectives

With the above context, this project aims to achieve the following objectives:

1. Develop an agent-based simulation model that can effectively replicate the movement and transitions of
customers in a supermarket.

2. Incorporate COVID-19 transmission dynamics into the agent-based model, to reproduce the underlying
mechanisms of transmission in the supermarket environment.

3. Build an aesthetically attractive and effective tool to communicate the project’s research outcomes simply,
and in a way that is easily communicated to both academic peers and layman individuals outside of
the field. Providing an effective medium to evaluate the impact of implementing transmission control
measures in a supermarket environment with the flexibility to remain relevant amid changing input
parameters.

4. Incorporate the effect of super-spreader behaviours on the spread of Covid-19 as a disease in the Agent-
Based model produced.

5. Incorporate features of heterogeneous chances of transmission and infectiousness between individuals into
the Agent-Based Model.

6. Develop features to demonstrate the effects of different transmission control measures on both COVID-19
transmission and customer movement in the environment in the Agent-Based Model.

1.5 Scope and Limitations

The scope of the analysis presented herein is limited to estimation of the relative effectiveness of the described
COVID-19 transmission control measures in an urban supermarket environment. The transmission control
considered include: Vaccinations, Capacity Limiting, Social Distancing, Staff COVID-19 Testing, and the use
of Sanitizers.

Further limitations stem from the short duration of time from the discovery of COVID-19 to the presentation
of the analysis conducted. The availability of research on COVID-19 is limited, albeit rapidly developing, which
means the rates and values of disease-related parameters is subject to change with the presentation of further
research. Further discoveries of new variants of COVID-19 as well as the introduction of newer control measures
may present changes in disease dynamics that fall beyond the scope of this analysis.

1.6 Organisation of the Dissertation

The remainder of this dissertation is organised as follows: The following chapter presents the context of the
problem and the relevant disease elements and tools central to the analysis through a comprehensive review of
the available literature on each topic. Thereafter, the methods used and considered for the analysis conducted
are described to frame the approach used to reach the research outcomes presented. This is followed by a
modelling chapter describing the behavioural framework, parameters, model fitting, and implementation of
the agent-based model presented. The results and estimates presented by the model are then presented and
interpreted in the chapter of model results. The discussion of the results presented and their value in terms of
answering the objectives and aims outlined is then provided in a chapter preceding the conclusionary remarks
of the analysis. The pages following the conclusion of the paper contain the various additional appendices of
figures and information referred to in-text.



Chapter 2

Literature Review

This literature review uses a thematic organisation to contextualise the proposed research with respect to
available scholarly material. The systematic review of literature relating to the various aspects of the research
problem begins with a description of the characteristics of the COVID-19 virus. These characteristics are
provided in a biological context with a focus on the manner in which the virus is spread, alongside the related
approaches to mitigation and transmission control. This is followed by describing the forms and dynamics
of Super-Spreaders and the effects they have on transmission rates for infectious diseases. The focus is then
moved to the Mathematical Modelling of Infectious Diseases and approaches to the Mathematical Modelling of
Super-Spreaders. Finally a contextual focus on Agent-Based Modelling and its associated benefits is explored.
The chapter is then concluded by outlining the Contextual Framework of available literature with respect to
the research problem explored.

The approach to reviewing related literature takes a top-down investigation of the related fields. Starting by
sourcing literature relating to topics on the broadest scale to gradually develop a contextual understanding of
the research environment, before gradually narrowing down the focus of literature to papers relating to the
scope of the analysis. The scope of the analysis is limited to COVID-19 transmission in an urban supermarket
environment, and the transmission control strategies that may be imposed in this setting. As such information
discussed from reviewed academic literature is limited to information relating to the development of such a
model, and the effects that may need to be considered. A priority is given to available related literature
contextualised in a South African setting.

2.1 COVID-19
2.1.1 History

The history of COVID-19 is a short compared to majority of well know infectious diseases, with the first reported
cases of the virus occurring in December 2019. A number of patients were admitted to hospitals in Wuhan,
China with an initial diagnosis of pneumonia. The potential for a COVID-19 outbreak was predicted in the early
stages of its discovery, with a reproductive number for the virus deemed to be considerably larger than 1, ranging
from 2.24 to 3.58 expected further cases of COVID-19 produced by each positive case of COVID-19.[69] [51]

The first confirmed case of COVID-19 in South Africa was detected on 3rd of March 2020, with the first local
transmission being confirmed on the 20th of March 2020. Six days later the South African government announced
a mandatory nationwide lockdown, urging citizens to Isolate themselves and limit interactions in an attempt to
slow the spread of the virus[88]. Given the proportion of the South African public living in informal settlement
areas, the levels of personal interaction between these individuals is much higher and limited resources make
isolation difficult if not impossible for many. By the beginning of February 2022 there have been over
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3 500 000 confirmed cases of COVID-19 and over 90 000 related deaths in South Africa, as can be confirmed on
the nationally produced public-facing dashboard produce by the Department of Health.[54] [51]

2.1.2 Biology and Transmission

COVID-19 is one of the many pathogens that targets the respiratory system of its host. COVID-19 is a relatively
new virus that forms part of a group of coronaviruses (CoVs). These include the well known and documented
severe acute respiratory syndrome (SARS)-CoV and the Middle East respiratory syndrome (MERS)-CoV, both
of which have also been categorised as viruses that are a considerable threat to public health.[51]

There is evidence that the origin of the COVID-19 virus in Wuhan, China may have been zoonotic given
the large proportion of infected people who had exposure to the wet animal market. However, majority of
the cases transmitted around the world today are spread through person-to-person contact. Person-to-person
transmission occurs primarily via direct contact or through droplets spread by coughing or sneezing from an
infected individual.[69] [51]

Yesudhas et al. (20121) describe the main transmission mechanism of COVID-19 to be through respiratory
droplets from an infected individual being inhaled or absorbed by a healthy individual[92]. Beyond this mech-
anism, there also exists evidence for surface to person (fomite) transmission as well as aerosol transmission in
poorly ventilated spaces[3][3][77]. The indicated availability of these transmission mechanisms for the spread
of COVID-19 requires transmission models to include the effects of transmission using all of these pathways.

2.1.3 COVID-19 Transmission Control Measures

Given the short period of time since the emergence of the novel coronavirus, there is still much to be learned
about the virus and the treatment and control of its spread. New information is learned about the virus almost
every day and using this information, the strategies adopted for controlling the further spread of the virus can
be adapted to optimise their implementation for reducing transmission. Control measures currently in place
fall into one of two categories; namely, those that help slow or reduce disease transmission and those that help
combat symptoms of the virus. The main controls aimed at slowing or reducing transmission, proposed by the
CDC, are [10][51]:

e Vaccination:

Susceptible individuals are able to receive doses of vaccinations against COVID-19. These vaccinations
help induce a level of immunity to COVID-19 by inciting the development of viral antibodies for the
COVID-19 virus. In an effort to increase the vaccine uptake in many parts of the world, the use of
company enforced vaccine mandates for staff, as well as government enforced vaccine mandates on all
individuals have been proposed and implemented around the world.[26] Company enforced staff vaccine
mandates have been suggested for use with a focus on essential service areas involving increased levels of
contact and risk for transmission. [52]

e Social-Distancing:

The primary use of Social Distancing measures describes individuals keeping a distance of at least 2 meters
between one another, to reduce the chance of direct transmission through large respiratory droplets that
settle to the ground in this space[92][83]. Vardoulakis et al. (2020) and Kennedy et al. (2020) describe
Social distancing as a self-governed public intervention practice that is suggested to play a major role in
reducing direct transmission between individuals, making the importance of compliance essential to its
success[32]. An evaluation of this in practice is seen in the paper by Tupper et al. (2020)[81], describing its
role in reducing transmission through reducing direct contact and reducing opportunities for transmission
to take place. The population may also act to minimize person to person contact as much as possible by
avoiding large gatherings. This includes the use of mandatory nationwide lockdowns to ensure isolation,
however, in the supermarket context proposed; supermarkets operate as an essential service throughout
the pandemic and would remain operational regardless of any lockdown implementations.
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e Capacity Restriction:

The placement of a restriction on the maximum number of people allowed in a venue at one time serves
to reduce the number of potential person to person contact the people in the venue can make. This
relates to the sentiment behind the avoidance of large gatherings discussed under social distancing above.
Olivier et al. (2020)[56] and Charpentier et al. (2020)[I2] comment on the use of capacity limiting as a
means of reducing the number of contacts individuals make by reducing the number of people permitted
in a shared space.

e Quarantine, Self-Isolation & COVID-19 Testing:

Infected Individuals must isolate themselves and avoid all contact with others as far as possible. Brett et
al. (2020) [7] describe the benefits of isolating infected individuals and the associated success this strategy
can have in implementation, with respect to the difficulties involved in doing so accurately and effectively.
The difficulties described involve the need for positive case identification, which relates to the use of testing
for COVID-19. The evolution of testing capacities for COVID-19 and their associated sensitivities are
described in more detail in Sections and Stock et al. (2020)[78] describes the benefits to the
regular testing of essential-service workers by highlighting evidence of unidentified asymptomatic cases
of COVID-19 among essential-service workers and the impacts this has on facilitating the transmission
of COVID-19. An important factor to consider is the financial cost of regular testing, as of December
2021 the South African Government mandated that the cost of a COVID-19 antigen test is limited to a
maximum of R150 and the related cost limit for RT-PCR testing is R500.[70]

e Face masks:

When in public individuals wear masks covering the face and nose in order to prevent mucus particle
expulsion. With the majority of transmission cases coming from respiratory transmissions through direct
contact, face masks and other implements of personal protective equipment (PPE) are described by
Tupper et al. (2020)[81] in their ability to reduce the chances of transmission in the presence of available
contact. At the time of writing the use of face masks is mandatory in all public spaces in South Africa, so
the consideration of scenarios without the use of masks may be unrealistic. Additionally, data availability
regarding the transmissibility of COVID-19 is largely focused on values given in the context of mask use

e Sanitization:

Alcohol-based sanitizers are to disinfect hands and surfaces on which the virus may be present, rendering
any COVID-19 particles present, inactive. The use of sanitization strategies for disinfecting hands and
surfaces is described in more detail in the papers by Pradhan et al. (2020)[63] and Vardoulakis et al.
(2020)[83] referring to the role these strategies play in reducing surface to person (fomite) transmissions
through the inactivation of active viral contaminant on hands and surfaces. The role of sanitizer in
reducing transmissions is associated with the similarities described for face masks and other PPE by
Tupper et al. (2020)[8I]. There are varied sources of literature supporting the potential role fomite
transmission place in case creation as seen in the papers by Santarpia et al. (2020)[71] and Kanamori et
al. (2020)[30]. However, the extent of this role is difficult to evaluate given the difficulties associated with
being able to confirm the origin of transmissions to fomites by excluding airborne transmission potential.
This point is highlighted in the papers by Pradhan et al. (2020)[63] and Meiksin (2020)[46].

The main controls aimed at treating symptoms are [I1]:

e Ventilation: Critically infected individuals that have extreme difficulty breathing are ventilated to ensure
delivery of ventilation to the lungs.

e Oxygen: Severely infected individuals that have difficulty breathing are provided with oxygen to ensure
adequate supply to the lungs.

In the context of a supermarket environment, no treatment strategies are likely to be imposed in the setting.



ABM Investigating COVID-19 Supermarket Intervention Effectiveness  Timothy Mountford

2.1.4 COVID-19: Vaccines

Over the course of the last century, vaccination has been the most effective method of preventing death caused
by infectious diseases.[I8] The use of variolation to combat disease dates back as far as the eleventh century in
Chinese literature, however, the use of vaccination as a deliberate prevention technique began in 1881 through
the work of Louise Pasteur.[61] Over the years the process of vaccine development has been refined and developed
in an effort to improve vaccine efficacy with minimal toxicity and holds its place as the cornerstone in preventing
the spread of infectious disease.[50]

Vaccines are generally developed on the basis of inducing the development of an immune response within the
body in order to enable a stronger immune response within the body should the target virus come into contact
with the body in future. The methods used to induce this initial immune response vary between two well-known
techniques, being an adenovirus vector-based technique as used by Pfizer’'s Covid-19 vaccine and the mRNA-
based technique used in the Johnson & Johnson vaccine[50]. These are the two most widely distributed vaccines
in South Africa and many countries worldwide.

Introduced in the early 1990’s mRNA-based vaccines are type of vaccine with foundations, similar to adenovirus
vector-based vaccines, in the use of messenger RNA (mRNA) to induce an immune response in the body.
Messenger RNA is encoded from genome DNA and is used by the body to make proteins. In mRNA-based
vaccines like the Pfizer produced vaccine, the mRNA sequencing for the construction of Covid-19 spike-proteins
is injected intramuscularly into the body. Each virus has a unique spike-protein surface structure, and when
the body comes into contact with a new virus it will create antibodies that will seek and destroy cells with that
structure. [72)

The administered mRNA is taken into cells within the patient, and the body’s cells use this mRNA to create
the spike-proteins they describe. The body’s immune system recognises the spike-proteins as a foreign body
and produces antibodies to fight and remove them. Once these antibodies have been developed, the body can
more readily produce them should they encounter the foreign cells with those spike-proteins again. This way if
a patient who has received the Covid-19 vaccine is infected, their bodies will be able to more readily produce
the antibodies to fight off the infection before it takes hold. [72][50]

Adenovirus vector-based vaccines, like the Johnson & Johnson vaccine, are the most extensively studied and well-
used type of vaccine to date. They are based on the use of human adenoviruses, a large family of non-enveloped,
double-stranded DNA viruses in the genus Adenoviridae. The processes underlying the way adenovirus vector-
based vaccines help the body produce an immune response for a disease are very similar to those of the mRNA-
based vaccine. The difference is that instead of directly administering the mRNA into the cells of the body,
the mRNA is administered within a different virus structure. This allows one to take advantage of the inherent
ability of the virus to transduce cells for a desired therapeutic outcome. Additionally, the vector viruses
can be genetically altered to improve efficacy and safety, reduce administration dose, and enable large-scale
manufacturing. As a safety precaution, genes are removed from the vector virus to prevent it from being able
to reproduce in the body.[27][74] [50]

Vaccines are widely regarded in various sources of literature to be the most effective means of combating and
eliminating the spread of vaccine-preventable diseases[57][75]. Omer et al. (2009) and Siddiqui et al. (2013)
highlight the greatest barriers preventing their optimised capabilities in preventing the spread of disease are
founded in issues of reduced acceptance and coverage of vaccines. The issue of vaccine hesitancy has been
highlighted by the World Health Organisation and Centre for Disease Control as one of the greatest threats to
public health globally. With vaccines regarded as one of the most effective tools in public health for preventing
the spread of infectious disease, they are likely to play an essential role in controlling the spread of COVID-19.[21]
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2.2 Super-Spreaders and Super-Spreader Events

The existence of super-spreaders and super-spreader events have been reported in literature for over a century
however, there is limited information on them found in scientific literature. The term ”super-spreader” indicates
a propensity of more people than the average person or event.[9]With this definition in mind, the definition of
Super-Spreaders can be stratified into four main groups:

e Super-spreader People: Individuals likely to spread the virus to a greater than average number of other
individuals.

e Super-spreader Places: Locations that are more likely to facilitate the spread of the virus than the average
location. [3§]

e Super-spreader Events: Social events that are more likely to facilitate the spread of a virus than the
average social event. [44]

e Super-spreader Policies: Rules or regulations that are more likely to facilitate an increased spread of the
virus.

The description of Super-Spreaders that is most frequently referred to is made in reference to super-spreader
people. The definition of a super-spreader individual makes reference to their propensity to produce more
transmissions than the average individual, however this may be as a result of different underlying mechanisms.
Kumar et al, further defines super-spreader individuals by grouping their transmission amplification mecha-
nisms as either clinical or behavioural. The clinical components describe individuals with more transmissible
strains, higher viral loads, or more severe symptoms. The behavioural components are the larger group of the
driving mechanisms. They describe behavioural aspects of an individual’s lifestyle that may contribute to more
transmissions. This will include individuals who are likely to have more person to person contacts due to their
profession, high levels of socialising, or those who frequent spaces with large crowds[38]. Another element to
consider regarding super-spreader individuals, not presented as a focus in the academic definitions of super-
spreader individuals, is the presentation of super-spreader behaviours that involve an active non-compliance
with measures taken to reduce transmission. The occurrence of Super-spreader events is recorded for a variety
of infectious diseases such as Measles[16], Ebola[2], TB[36], and SARS virus[4l]. Kumar et al. (2020) describe
the first recorded instance of a super-spreader, otherwise known as Typhoid Mary, who was the first recorded
asymptomatic spreader of a disease who spread typhoid fever to 53 others as she continued her work as a cook.
I38]

Super-spreader events are difficult to identify beforehand and most super-spreader events are identified in
hindsight, however Kumar et al. describe a variety of social and clinical characteristics that can typically be seen
in super-spreaders. These range from clinical characteristics such as a more severe cough to social characteristics
such as risk-taking behaviour or working in crowded locations. These characteristics may provide insight into
the identification of likely super-spreaders before they are able to distribute the virus.[3§]

2.3 Mathematical Modelling of Infectious Diseases

The use of mathematical models in epidemiology has grown rapidly over the past century, providing valuable
insights into population level characteristics of infection due to individual behavior and biology. [48]

Mishra et al. indicates that, unlike chronic disease epidemiology, the study of infectious disease requires specific
dynamic models in order to capture the transmission of disease from infectious to susceptible individuals and
incorporate positive and negative feedback characteristics of the infectious processes. These mathematical
models allow us to extrapolate from current information about the state and progress of an outbreak, predict
future outbreaks and quantify the uncertainty of these predictions. [31]

Mishra et al. describes the mathematical model that defines the transition dynamics of an infectious disease as
a compartmental model. The compartmental model categorizes hosts into three or four key stages of infection.
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There are two widely used models in the mathematical modelling of infectious diseases, these are namely; the SIR
and the SEIR models respectively. These models separate individuals in the population into groups susceptible
to the disease, infected by the disease, and recovered from having the disease. The SEIR model extends this by
including an exposed group of individuals who have been infected but incubate the disease for a period, unable
to transmit the disease, until they become infectious and are then able to infect others. The SEIR model is
better suited to the structure of COVID-19 as individuals infected with COVID-19 have a two week period of
incubation before they become infectious to others.[51] This is the conceptual structure that will be considered
for use in the analysis conducted in this paper, with individuals defined between these disease states and the
addition of two additional vaccine states.

2.4 Mathematical modelling of Super-Spreaders and Super-
Spreader Events

In order to factor for the effects of Super-Spreaders on the spread of disease in mathematically-based epi-
demiological models; the effects of Super-Spreaders and Super-Spreader events must first be represented in
the form of a mathematical formulation or procedure, in order to incorporate their associated effects to the
model’s operation. There are four distinct approaches suggested by literature for the mathematical modelling
of Super-Spreaders in epidemiological models, they are as follows:

e Stochastic small-world (SW) and scale-free (SF) networks [76] [42]
o Compartmental Models
e Branching Processes

e Agent-Based Modelling

Although these methods provide an effective means of including some super-spreader effects on disease transmis-
sion, many of the approaches described are limited to the inclusion of effects relating to a single super-spreader
effect of either super-spreader people or events and fail to account for the effects of other super-spreader types.
These approaches are explained in more detail below.

The use of Stochastic small-world (SW) and scale-free (SF) networks for modelling super-spreaders
is an approach proposed by Small et al. (2006) is a model for the SARS Virus[76]. The approach involves
a combination of compartmental disease-states and person-linkage structures, with individuals belonging to a
single disease-state and links being created between individuals. The approach includes a small-world structure
by defining two linkage types for local and foreign links. The local links represent close connections such as
family, and foreign links represent connections to other groups of individuals. This approach attempts to model
the effects of super-spreader people through representing super-spreaders as individuals with a large number
of foreign links, thereby facilitating spread between groups. This approach expands on many other models
allowing the model to ignore the assumption of a homogeneous, fully connected population. Lieberthal and
Gardner (2021) [42] extended this approach, which included probability-dependant super-spreader capacities
through the assignment of links, to the additional inclusion of time-dependant super-spreader effects. This is
achieved through a process of centrality and clustering between individuals, and the distance between clustered
groups is then representative of a stochastic arrival time for a potential transmission between groups.

The next approach using Compartmental Models was shown in papers by Kochanczyk (2020) [37] and
Yayehirad (2020), but has been replicated in other epidemiology studies. The approach builds on the standard
compartmental models described in the section above, assigning a proportion of the population to super-spreader
metapopulation compartments and assuming increased transmission rates for individuals in these groups.

The approach to represent Super-Spreaders through Branching Processes proposed by Muller & Hosel (2020)
approaches modelling super-spreader people with the assumption that all individuals may be super-spreaders if
they fail to be diagnosed or traced. It follows the concept of contact tracing by allowing infected individuals to
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be diagnosed or traced by fixed probabilities, representing super-spreaders as those that fail to be diagnosed or
traced. Thereby allowing them to continue spreading the disease.

The final approach considered by Kim et al. (2018) [34] provides the most flexible approach to modelling super-
spreader effects, allowing for the representation of super-spreader people and events with distinct individual-
level heterogeneity in contact rates, such that each individual has varying contact rates and clustering of contact
frequency. Super-spreader individuals are represented by individuals with larger numbers of contacts and trans-
mission probabilities.

Of the approaches considered, the Agent-Based modelling approach is the most flexible, yet expensive in terms
of computing requirements and model building effort. This is as the model must be built from the ground up
with little to no existing functions and structure. This ground-up formulation, while limited by the inability
to use known and trusted mathematical formulations, provides immense flexibility in the way the models are
designed for individuals and their environments.

2.5 Agent Based modelling

Wilensky and Rand (2015)[90] describe Agent-Based Modelling (ABM) and a computational modelling paradigm
that, through it’s use in modelling a system, is able to describe the associated rules and procedures defining
the Agent’s behaviour. ABM is a simulation-based modelling technique that attempts to define the complex
systems it aims to represent, through the perspective of the agents that move within the system. Bonabeau et
al. (2002)[6] describes the autonomous decision making behaviour of the agents in the system modelled as the
cornerstone of the Agent-Based Modelling approach.

The reason autonomous decision making is so central to ABM is due to the approach in ABM design, through
which the model seeks to represent complex systems by defining the decision making behaviour followed by
these agents. By defining and assigning a predetermined set of rules for the agents to follow, the model is able
to gradually reproduce the complex emergent behaviours seen in the target system; resulting as a product of
the repetitive interactions between the system’s agents.

Agent Based modelling contrasts population level modelling by taking a bottom-up approach of modelling,
building the model around the behaviour of individuals as opposed to the population as a whole. The approach
to model development begins by developing an understanding of individual-level behaviours and operating
structures for the individuals members of the system. This understanding is leveraged in defining proc